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In previous work, the performance of PID plus an adaptive 
neural network compensator (ANNC) was compared with the 
performance of a novel fuzzy adaptive PID algorithm, as 
applied to position control of one axis of a pneumatic gantry 
robot.  The fuzzy PID controller was found to be superior.  In 
this paper, a simplified non-adaptive fuzzy algorithm was 
applied to the control of both axes of the robot.  Individual step 
results are first shown to confirm the validity of the simplified 
fuzzy PID controller. The fuzzy controller is then applied to a 
sinuosoidal tracking problem with and without a fuzzy PD 
tracking algorithm.  Initial results are considered to be very 
promising.  Future work requires developing an adaptive 
version of the controller in order to demonstrate robustness 




CE    Input fuzzy variable for the FIS which represents the 
velocity of the tracking signal 
E      Input fuzzy variable for the FIS which represents the 
tracking error (e) 
FIS   Fuzzy Inference System  
FTC  Fuzzy Tracking Controller 
GE   Tuning constant for the fuzzy PID controller 
GCE, GU, GCU   Scaling factors that relate the non-fuzzy 
PID gains to the fuzzy PID gains 
IAE   Integral Absolute Error 
Kp, Ki, Kd   Gains of the non-fuzzy PID controller  
INTRODUCTION 
Pneumatic servosystems are attractive due to their lower 
cost (both installed and operating), relative to hydraulic and 
electric servosystems.  But their problem is low accuracy and 
bandwidth when implemented with conventional control.  A 
large body of research is devoted to the application of advanced 
control techniques to servo pneumatics in order to improve their 
performance.  The work can be divided into two groups: those 
that use on/off solenoid valves (eg. [1]) and those that use 
proportional servovalves (eg. [2]).  Fuzzy rule based algorithms 
and neural network (NN) based algorithms are the dominant 
“intelligent” controllers.  Both are attractive as they don’t 
require a formal model of the process to be controlled.  But for 
the application at hand, fuzzy was found to be superior to NN, 
[3].  Thus, for this paper, only fuzzy PID is considered.  
Fuzzy PID was applied to a proportional servovalve system 
in [4], and compared with traditional PID.  The experiments 
confirmed that fuzzy PID improved the performance of the 
system.  An error of ±0.2 mm for a 600 mm step was reported.   
In [5], four different controllers for position control of a 
pneumatic system were compared: PID, fuzzy, sliding mode 
and neuro-fuzzy. Experimental results were obtained for 
sinusoidal reference trajectories with different frequencies.  
The neuro-fuzzy controller was found to provide the best 
performance, with an error of ±0.5 mm for 0.2 Hz sinusoid 
tracking that increased to an error of ±2 mm for 1 Hz tracking. 
PID was applied to a pneumatic rodless cylinder in [6]. 
The controller was tuned to optimize damping and included 
both a friction compensator and a stabilization algorithm.  A 
fuzzy gain scheduler compensated for variations in supply 
pressure.  An error of ±1 mm for a 200 mm step was reported.  
There are other papers on fuzzy PID control of pneumatic 
systems.  But the many are simulation based and do not provide 
quantitative performance results for comparison (eg. [7]).  
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EXPERIMENTAL APPARATUS  
The pneumatic gantry robot is shown in Figure 1.  The x 
and y-axis actuators are rodless cylinders with strokes of 1 m 
and 0.3 m, respectively (bore of 32 mm and 25 mm, 
respectively).  The x-axis cylinder acts as a bridge between the 
two y-axis cylinders.  The control valves are proportional servo 
valves rated at 100 l/min.  Position and velocity were measured 
with cable-based tachometer/potentiometers.  Cylinder pressures 
were measured but not used in this study.  Control and data 
acquisition was with Simulink/dSPACE.  Sample time was 10 
msec.  Air supply pressure was 690 kPa. 
 
 
The MATLAB/Simulink model illustrated in Figure 2 was 
developed for evaluation purposes.  The model assumes first 
order models for the supply pressure and the valve, a second 
order model for the cylinder with Coulomb friction modeled 
with both static and dynamic components.  Thus, the model has 
both linear and nonlinear components.  Open loop tests were 
conducted to obtain the model parameters.  Although the x-axis 
is shown in Figure 2, the model for the y-axis is similar in 
structure, but with different parameters.  The friction model is 
within the “F=ma” block of Figure 2, as detailed in Figure 3.  
Model parameters for both axes are summarized in Table 1.   
. 
 
FIGURE 1.  PNEUMATIC GANTRY ROBOT, SHOWING CYLINDER, VALVES AND POSITION SENSORS 
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The PID controller and the Fuzzy algorithm were implemented 




The two control methods analyzed were the traditional 
PID controller and fuzzy PID controller. The objective in both 
cases was to minimize the steady state tracking error. 
 
PID Controller 
The adopted form of PID control algorithm was: 
∫ ++= )()()()( tedt
dKdtteKteKtu dip         (1) 
The implemented PID controller used a filter block instead of 
pure derivative action to deal with signal noise.  Anti-reset 
windup was also applied (ie. integral action was stopped 
whenever actuator was saturated).   
The Control Systems Toolbox within Simulink offers a 
number of PID AutoTuning methods.  The default method 














adopted as it was found to produce the best results for this 
application (using the model given in Figure 2).  Autotuning 
was adopted in order to avoid the inconsistency introduced by 
ad-hoc rule based PID tuning methods.   The PID gains that are 
generated by the Simulink Autotuner are given in Table 2.  It is 
these gains that are fed into the fuzzy PID controller.   
 
Fuzzy PID Controller 
A fuzzy control system is based on fuzzy logic which 
allows for the controller to interpret uncertain or qualitative 
problems as driven by English interpreted “rules”. An 
important advantage is that it does not require mathematical 
models in order to design the controller, be it PID or otherwise.  
Table 3 illustrates the starting point for a Fuzzy PID controller, 
namely to tabulate the effect of the individual gains on the 
performance parameters.  A similar table can be found in 
various sources, Table 3 is modified from [8]. 
One can adopt a Fuzzy algorithm as a standalone 
controller, or use it to generate the gains for a PID controller, 
be it on-line or off-line.  The latter approach is taken in this 
paper.  The Fuzzy PID Simulink block as implemented is 
illustrated in Figure 4. 
The general procedure for developing a fuzzy PID rule 
base can be broken down into 7 steps as adapted from [9]. 
TABLE 1.  MODEL PARAMETERS 
Shared Variables Value 
air supply time constant 0.1 sec 
cylinder gain 0.05  
static coulomb friction 10 N 
dynamic coulomb friction 5 N 
viscous friction 20 N/(m/s) 
  
X-axis Variable Value 
cylinder time constant 0.1125 sec 
cylinder mass 2.25 kg 
valve time constant 0.1 sec 
  
Y-axis Variable Value 
cylinder time constant 0.2125 sec 
cylinder mass 4.25 kg 
valve time constant 0.1 sec 
TABLE 2.  PID GAINS FROM SIMULINK  
AUTO TUNING EXERCISE 









TABLE 3.  INDIVIDUAL EFFECTS OF PID GAINS ON  
THE SYSTEM RESPONSE 
  Effects of increasing an individual PID gain 
Gain Rise time Overshoot Settling time 
Steady-
state error Stability 
Kp Decrease Increase 
Small 
change Decrease Degrade 
Ki Decrease Increase Increase Eliminate Degrade 
Kd 
Minor 




if  small 
 
 
FIGURE 3.  SIMULINK MODEL FOR FRICTION (F=ma block) 
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Create normal PID, will be used to develop FIS 
1. Identify the inputs and their ranges and label 
2. Identify the outputs and their ranges and label 
3. Create the degree of fuzzy membership function for 
each input and output 
4. Construct rule base that the system will operate on 
5. Decide how the action will be executed by assigning 
strengths to the rules 
6. Combine the rules and defuzzify output 
In order to implement the above approach, the rules and 
algorithm presented in [10] were adopted.   
As shown in Figure 4, the two inputs for the FIS are E and 
CE, which are the setpoint error and velocity  signals, 
respectively, after being multiplied by the scaling factors GE 
and GCE.  Note that the velocity, not the derivative of the 
error, is used to avoid the negative effect of signal noise.  The 
control signal u is the sum of the scaled output of the FIS (Z) 
and a feedforward signal with scaling factors of GCE and 
GCU.  Equations 2 to 4 give the relationships between the PID 
gains and the fuzzy GCE, GU and GCU scaling factors. The 
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The Fuzzy Logic Toolbox within Simulink was used to 
create the FIS which contains the following rules: 
1. If E is Negative and CE is Negative then u is -10  
2. If E is Negative and CE is Positive then u is 0  
3. If E is Positive and CE is Negative then u is 0  
4. If E is Positive and CE is Positive then u is 10  
The reason that only two Gaussian rules were selected with 
only 3 output options is based upon the nature of the setpoint 
for initial tuning.  The step change in setpoint effectively 
means there are only two states of either max or min (true or 
false).  The membership functions used for the inputs are 
Gaussian and can be combined to show the resulting control 
surface for the system which can be seen in Figure 5.  The 
MATLAB commands used to generate this surface (and the 




































FIGURE 5.  CONTROL SURFACE FOR INPUTS E AND CE 
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The control surface shows the relationship between the input 
fuzzy variables and the crisp output value.  The fuzzy PID uses 
two fuzzy variables E and CE within its internal calculations to 















part of a membership function or in this case singular point as 
Sugeno fuzzy logic is used [11]. This crisp value is what 
generates a more optimal system response.  Figure 7 illustrates 
the membership function for E, as generated by the “Define 
input E” commands in Figure 6.  Similar pages exist for input 
CE and the output Z. 
The PID gains to be used by the fuzzy PID controller were 
first obtained using the MATLAB Control Systems Toolbox 
autotuner, whose GUI is shown in Figure 8.  Note that the user 
can select a balance between response time and robustness. 
The initial performance was checked to ensure that the 
fuzzy PID was functioning properly, then without any 
modification these same controllers were applied to the x and 
y-axis models. The models were then run to compare the 
performance of PID and fuzzy PID. The controllers were 
compared quantitatively by calculating their IAE values and 
qualitatively by observing their time responses. 
A series of simulation step input tests were conducted to 
determine the best value for the tunable parameter GE.  As 
indicated by Table 4 which summarizes the x-axis results, the 
value of IAE reached a minimum for a value of GE between 
0.1 and 0.5.  A value of GE of 0.25 was selected as the tuned 












FIGURE 7.  GUI OF MEMBERSHIP FUNCTION FOR E 
TABLE 4.  X-AXIS TUNING OF PARAMETER GE 
PID Controller  
 (Kp = 3.7, Ki = 0.32, Kd = 0.74) 
x axis  
IAE value 
1st Estimate  GE = 10.0  10.19 
2nd Estimate  GE =1.0  3.895 
Tuned GE  GE = 0.25     3.88 
2*Tuned GE  GE = 0.5  3.88 
½* Tuned GE  GE = 0.1  3.88  
FIGURE 8.  SIMULINK GUI FOR PID TUNING 
%Define input E: 
FIS = addvar(FIS,'input','E',[-5 5]); 
FIS = addmf(FIS,'input',1,'Negative','gaussmf',[7 -10]); 
FIS = addmf(FIS,'input',1,'Positive','gaussmf',[7 10]); 
  
%Define input CE: 
FIS = addvar(FIS,'input','CE',[-5 5]); 
FIS = addmf(FIS,'input',2,'Negative','gaussmf',[7 -10]); 
FIS = addmf(FIS,'input',2,'Positive','gaussmf',[7 10]); 
  
%Define output u: 
FIS = addvar(FIS,'output','u',[-5 5]); 
FIS = addmf(FIS,'output',1,'Min','constant',-10); 
FIS = addmf(FIS,'output',1,'Zero','constant',0); 
FIS = addmf(FIS,'output',1,'Max','constant',10); 
 
%Define Rules 
ruleList = [1 1 1 1 1;...   % Rule 1 
            1 2 2 1 1;...   % Rule 2 
            2 1 2 1 1;...   % Rule 3 
            2 2 3 1 1];     % Rule 4 
 
FIGURE 6.  MATLAB COMMANDS TO SETUP FIS 
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STEP RESPONSE RESULTS SIMULATION 
The step simulation results are summarized in Table 5, 
where IAE is the integrated absolute error for the responses 
given in Figure 9 and Figure 10.  Table 5 shows that there is 
slight difference in performance between the two controllers 
for the x-axis. There is significant difference for the y-axis.   
In reference to Figure 9, one sees that Fuzzy significantly 
reduces the overshoot of PID, but suffers from a high steady 
error due to Coulomb friction.  This explains the small 
quantitative improvement to the x-axis IAE seen in Table 5.  In 
reference to Figure 10 one sees that Fuzzy significantly reduces 
the oscillatory response of PID.  The oscillatory PID response 
is expected as the process gain for the y-axis is higher than that 
for the x-axis (10 times the air volume).  The simulation was 
used to examine the effect of GE.  A value of 0.25 was found 
to minimize the IAE for the cases tested. 
 






























FIGURE 9.  STEP RESPONSE FOR X AXIS (SIMULATION) 
 





























FIGURE 10.  STEP RESPONSE FOR Y AXIS (SIMULATION) 
TABLE 5.  SIMULATION RESULTS PID VS FUZZY PID 












 wrt PID 
3.88 4.00 3 % 3.31 10.29 68% 
 
 
STEP RESPONSE RESULTS EXPERIMENTAL 
The simulation derived PID gains were then applied 
experimentally.  Figures 11 and 12 illustrate the results that 
mimic the simulation results in the previous section.   
 






























FIGURE 11. STEP RESPONSE FOR X-AXIS WITH FUZZY ON 
AT 5 SEC (ERROR DROPS 4 MM TO 1 MM) 
 
 






























FIGURE 12. STEP RESPONSE FOR Y-AXIS WITH FUZZY ON 
AT 5 SEC (ERROR INCREASES 1 MM TO 2 MM) 
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For the x-axis, the match between the simulation (Figure 9) 
and the experiment (Figure 11) is good as in both cases the PID 
response is seen to be roughly quarter amplitude damped 
(QAD), whereas the fuzzy PID response is overdamped.  In the 
experimental case, the steady state error is reduced from ±4 
mm for PID to ±1 mm with fuzzy PID.  This compares well 
with [6] who reported a ±1 mm error with the same step size. 
For the y-axis, the match between simulation (Figure 10) 
and experiment (Figure 12) is not as good in the case of PID, 
where the simulation response is oscillatory.  For fuzzy PID, 
both show and improvement in the response, but it is 
overdamped for the simulation and underdamped for the 
experiment.  Greater discrepancy in the y-axis was expected 
because of the coupling between the 2 y-axis cylinders.   
The PID simulations gains were the same as the PID 
experimental gains with the exception of the Integral gain 
which was increased by a factor of 5 to deal with higher levels 
of Coloumb friction.  The high integral action is reflected in the 
ramping of the control signal when the cylinder stops, seen in 
both Figure 11 and Figure 12.  
Given the simplicity of the model, and the strong 
nonlinearity due to friction, the match between simulation and 
experiment was surprisingly good.  The degree of nonlinearity 
is apparent in the result for the y-axis (Figure 12), where under 
PID the response is oscillatory for the positive step change but 
underdamped for the negative step change.  
 
TRACKING CONTROL  
The next step was to apply the Fuzzy PID controller to 
simultaneous control of both axes of the robot, and 
consequently to evaluate its ability to track two dimensional 
shapes.  The problem of tracking control is not new.  
Background on optimal tracking control can be found in the 
text by Anderson and Moore [12].  A more current approach 
can be found in the work of Ouyang et al [13] who developed a 
PD contour tracking controller for application to a 2-DOF 
electric XY motion stage.  One notes that PD and not a PID 
controller, as integral action cannot correct for the continuous 
time lag between the setpoint and the controlled variable 
inherent in the task of tracking.  In order to have zero steady 
state tracking error, one must add an active compensator to 
correct for the time lag.   























KysKu ydyxpyy )(  (6) 
where sx and sy are the time shifted tracking setpoints, where 
the degree of shift is a user input.  The fuzzy algorithm 































































FIGURE 15.  X AND Y RESULT WITH EFFECT OF FTC 






























FIGURE 14.  Y-AXIS RESULT WITH FTC ON AT 5 SEC





























FIGURE 13.  X-AXIS RESULT WITH FTC ON AT 5 SEC
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and derivative gains and hence in this application is referred to 
as the Fuzzy (PD) Tracking Controller (FTC). 
 
Initial Tracking Results 
Figures 13, 14 and 15 illustrate typical tracking results 
obtained using the controller defined in Equations 5 and 6 with 
the PD gains obtained with the fuzzy algorithm.  The tracking 
signal was a 0.32 Hz sinusoid.   
In Figure 13 (x-axis) and Figure 14 (y-axis), fuzzy 
tracking is “turned” on at the 5 sec mark and in both cases 
there is a reduction in the tracking error.  For the x-axis, the 
maximum error is reduced from 40 mm to 10 mm (25 % 
reduction).  The effect is less dramatic with the y-axis, as the 
maximum error is reduced from 25 mm to 12 mm (50 % 
reduction).  When the x and y-axes are plotted together as in 
Figure 15, the nature of the contour becomes evident.  
Although far from ideal, the positive effect of the tracking 
controller is apparent.  The oval shape is expected, as the x-
axis and y-axis setpoints were generated slightly out of phase.  
It should be noted that the performance of the y-axis was 
considered to be surprisingly good, given its mechanical 
layout.  As seen in Figure 1, the y-axis valve delivers air to 
both y-axis cylinders.  There is no active synchronization of the 
y-axis cylinders.  This is believed to be the major source of 
error seen in Figure 15.  
 
CONCLUSION 
A fuzzy PID controller was applied to control of both axes 
of a pneumatic gantry robot.  Individual step results were first 
shown to confirm the validity of a simplified fuzzy PID 
controller. The fuzzy PID controller was then applied to a 
sinuosoidal tracking problem with and without a fuzzy PD 
tracking algorithm.  Initial results are considered to be very 
promising.  Performance was comparable to previously 
published work that used more advanced fuzzy and non-fuzzy 
based controllers.  The oft-stated advantage of the fuzzy PID 
controller is that it does not require a model of the process for 
tuning.  The traditional model-based approach to PID tuning 
has three steps: 1) model validation, 2) PID tuning in 
simulation and 3) PID tuning in experiment.  The fuzzy 
approach to tuning avoids the first 2 steps.  
Future work involves: 1) direct comparison with the 
performance of a more advanced fuzzy PID controller (eg. [6]) 
and 2) development of an adaptive version of the controller in 
order to demonstrate robustness relative to changing tracking 
frequencies and supply pressures. 
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